The formation of the myelin sheath by Schwann cells (SCs) is essential for rapid conduction of nerve impulses along axons in the peripheral nervous system. SC-selective genetic manipulation in living animals is a powerful technique for studying the molecular and cellular mechanisms of SC myelination and demyelination in vivo. While knockout/knockin and transgenic mice are powerful tools for studying SC biology, these methods are costly and time consuming. Viral vector-mediated transgene introduction into the sciatic nerve is a simpler and less laborious method. However, viral methods have limitations, such as toxicity, transgene size constraints, and infectivity restricted to certain developmental stages. Here, we describe a new method that allows selective transfection of myelinating SCs in the rodent sciatic nerve using electroporation. By applying electric pulses to the sciatic nerve at the site of plasmid DNA injection, genes of interest can be easily silenced or overexpressed in SCs in both neonatal and more mature animals. Furthermore, this in vivo electroporation method allows for highly efficient simultaneous expression of multiple transgenes. Our novel technique should enable researchers to efficiently manipulate SC gene expression, and facilitate studies on SC development and function.
Introduction
The rapid transmission of sensory and motor information in the peripheral nervous system is permitted by the myelin sheath, which is formed by myelinating Schwann cells (SCs) 1 . Insulation of axons by the myelin sheath enables saltatory conduction, which increases the speed of nerve impulses. In disorders in which the development or maintenance of the myelin sheath is impaired, nerve conduction speed is reduced. This results in neuropathy involving motor and sensory dysfunction. Although there are many studies on the molecular mechanisms of myelination and demyelination in the peripheral nervous system, the roles of the numerous proteins involved in these processes remain unclear.
To study the molecular mechanisms of SC myelination/demyelination in vivo, genetic approaches have been used to modify gene expression in animals. A powerful approach is the use of knockout/knockin or transgenic animals. However, the generation of these animals is expensive and time consuming. For SC-specific gene manipulation, crossing floxed strains with Cre mice or other conditional gene expression methods are necessary. This again is laborious and time intensive. In recent years, a cutting-edge genetic technology, the CRISPR-Cas9 system, has made the generation of genetically modified mice much quicker (about 4 weeks) 2, 3 , but this method is hindered by target sequence limitations, and suffers from off-target effects. As an alternative method, viral vector-mediated gene transfer is a faster and easier method of achieving gene transfer into SCs in vivo [4] [5] [6] . Indeed, the generation of viral vectors is less expensive, and takes a shorter time (within a few weeks), and gene manipulation of SCs can be achieved by simply injecting engineered viral vectors, such as adenoviral vectors, adeno-associated viral (AAV) vectors, and lentiviral vectors, into the sciatic nerve. Because these viral vectors have different characteristics, users have to choose the one best suited for their purpose. Adenoviral vectors infect axons and SCs in both young and mature sciatic nerves. In particular, adenoviral vectors have higher selectively for non-myelinating SCs than myelinating SCs. Adenoviruses can cause immune responses, and accordingly, immunodeficient strains should be used 5 . AAV vectors are currently the most widely used viral vectors, and allow in vivo gene transfer with lower toxicity 7 . AAV can transduce both axons and SCs by direct injection into the nerve fibers 8, 9 . However, AAV-mediated protein expression usually requires 3 weeks or longer to reach maximum levels 7, 9 . Therefore, it is difficult to analyze myelination, which actively progresses during the two week postnatal period. Lentiviral vectors have higher selectively for myelinating SCs than non-myelinating SCs, and do not have toxic effects on sciatic nerves. However, lentiviral vectors do not infect SCs in more mature nerves 5 , and therefore are unsuitable for analyzing events such as the demyelination process.
Electroporation is another faster and easier approach to achieve in vivo gene transfer. It has been reported that in vivo transfection of SCs can be achieved when electroporation is applied to transected rat sciatic nerves 10 . However, because this method requires nerve transection for gene delivery, the application is limited to the analysis of the damaged nerves. Here, we describe an alternative method that allows the delivery of transgenes into myelinating SCs in intact rat sciatic nerves using electroporation
Protocol
The use of rats for research was in accordance with guidelines established by the Animal Welfare Committee of The University of Tokyo.
1.Preparation of Plasmid DNA
1. Generate DNA plasmids for in vivo electroporation by subcloning the cDNA or shRNA sequence into an expression plasmid for mammalian cells 12 . Use a cytomegalovirus immediate early enhancer and chicken β-actin promoter fusion (CAG) promoter-driven plasmid 13 because it allows strong and stable expression. For expression of shRNAs under the control of a CAG promoter, use a mir30-based shRNA cassette system for subcloning the shRNA 14 . 2. Purify plasmid DNA with a maxi-prep kit according to manufacturer's instructions, and resuspend the DNA with HEPES-buffered saline (140 mM NaCl, 0.75 mM Na 2 HPO 4 , 25 mM HEPES; pH 7.40). Adjust the concentration of DNA to ≥4 µg/µl. 3. Prepare the plasmid DNA solution to a concentration of 4 µg/µl, and add a minimal amount of fast green dye (final concentration of 0.01%) to label the injection site. When simultaneous electroporation of multiple plasmids is required, adjust the total concentration of the plasmid DNA solution to 4 µg/µl. Note: The optimal composition of plasmid DNAs should be determined according to the transfection efficiency of each plasmid.
Sterilization of Surgical Instruments and Saline
1. Autoclave surgical instruments and the 0.9% NaCl solution.
Preparation of the Glass Micropipette
1. Pull glass pipettes using a pipette puller. Cut the tip of the pipette to a diameter of 30-50 µm. Use the following parameters: Heat, 600; Velocity, 50; Time, 75.
Animal Surgery, DNA Injection and Electroporation
Note: An overview of this step is described in Figure 1 . Although the procedure for rat pups are described here, the method is also applicable to more mature animals using the same procedure.
1. Anesthetize the rat with isoflurane in the induction box until the animal becomes immobile by adjusting the oxygen flow to 0.4 L/min and the isoflurane concentration to 4% (vol/vol). Perform toe pinching to confirm proper anesthetization. 2. Put the rat on the preheated warmer under a binocular microscope, and maintain anesthesia by continuously administering isoflurane through the face mask. Adjust the oxygen flow to 0.2 L/min and the isoflurane concentration to 2% (vol/vol). Use eye drops to prevent dryness of eyes if the eyes of the animal are open. 3. Fix the legs with surgical tape. 4. Clean the skin on the posterior thigh with povidone-iodine, and make an incision with a scalpel.
Note: Shave surgical areas if the surgical areas are covered with hair. 5. Expose the sciatic nerve by creating an opening between the quadriceps femoris muscle and biceps femoris muscle with sewing needles. 6. Wet the nerve with 0.9% NaCl solution. Absorb excess water with lint-free paper. 7. Insert the base of a glass micropipette onto flexible tubing, and fill the adequate amount of DNA solution (at least one microliter) into the micropipette by gently aspirating. 8. Lift the exposed nerve by gently pulling the distal side of the nerve using a needle.
Note: Do not apply tension to the nerve to minimize mechanical stress. 9. Insert the glass micropipette into the distal site on the nerve, and inject the DNA solution by applying pressure (i.e. by blowing into the open end of the flexible tube). Inject DNA solution until the nerve appears green (1 µl maximum). Because frequent insertion of the micropipette can damage the nerve, do not insert the micropipette more than twice. 10. Place a tweezer-type platinum electrode about 1-2 mm apart from the nerve. Fill the gap between the electrode and the nerve with 0.9% NaCl solution. Note: Do not hold the nerve with the electrode to avoid mechanical stress on the nerve. 11. Apply electric pulses to the injection site using an electroporator with the electrode. After the first pulse set, invert the electrode and apply another pulse set. Use the following parameters: voltage, 50 V; pulse duration, 5 msec; pulse interval, 100 msec; pulse number, 4 times. 12. Clean the electroporation site with 0.9% NaCl solution. 13. Repeat steps 4.4-4.11 on the contralateral sciatic nerve.
Introduction of multiple genes into SCs in vivo will be extremely useful for investigating the mechanisms of myelination/demyelination. A major advantage of the in vivo electroporation method described here is the capacity to transfer multiple genes with a simple procedure. Figure 2D shows a representative image of a sciatic nerve transfected with a mixture of GFP and RFP-expressing plasmids using in vivo electroporation. About 97% of SCs were GFP and RFP double positive, suggesting that highly efficient delivery of multiple genes can be achieved by simply electroporating mixtures of multiple plasmids.
In rodents, myelination initiates around birth, dramatically increasing during the first two weeks postnatally, and then gradually diminishes. Thus, by genetically manipulating SCs during these developmental time windows, the mechanisms underlying these different stages of myelination can be clarified. Lentiviral vectors are a good tool for analyzing myelination, particularly as they have minimal toxicity, but lentiviruses only infect neonatal sciatic nerves 5, 6 . In comparison, electroporation-mediated gene transfer works well when transfection is conducted on P3 (Figure 2E , top) or on P14 (Figure 2E, bottom) .
The applications of the novel in vivo electroporation method are described here. Figure 3A shows light microscopic images of GFP-expressing myelinating SCs at various developmental stages (P7, P14, P21 and P31). By light microscopic analysis, changes in morphological parameters, such as length and diameter, can be assessed. Note that these parameters have similar values compared to intact rat peripheral nerves 15, 16 , suggesting that the electroporated nerves develop without significant damaging effects. Figure 3B shows an electron microscopic image of LacZ-expressing myelinating SCs. In this case, LacZ was used as an expression marker. β-galactosidase staining using bluo-gal, an ethanolinsoluble substrate, enables the analysis of myelin structure of transfected SCs by electron microscopy 11, 17 . In these experiments, the role of signaling molecules can be examined by silencing or augmenting their expression, thereby allowing the analysis of loss-of-function or gain-offunction effects. In addition to the analysis of fixed tissue, in vivo electroporation-mediated gene transfer can be also applied to live imaging experiments. For example, Figure 3C shows a myelinating SC co-expressing G-GECO1. First, the sciatic nerve of the anesthetized rat is exposed. Second, plasmid DNA is injected into the sciatic nerve. Third, electric pulses are delivered to the injection site through the forceps-shaped electrode. Finally, the wound is closed with glue. This procedure can be repeated on the contralateral nerve. Please click here to view a larger version of this figure. . Please click here to view a larger version of this figure.
Discussion
In this paper, we describe a simple and efficient method that allows in vivo gene transfer to myelinating SCs in the rat sciatic nerve using electroporation. This method allows highly selective gene expression in myelinating SCs by simply applying electric pulses to the plasmid DNAinjected sciatic nerve. Because the molecular mechanisms of myelination and demyelination in the peripheral nervous system remain unclear, the present in vivo electroporation method will be a powerful tool to clarify the roles of multiple genes of interest in living animals.
A critical requirement of this method is to keep damage to the nerve during surgery to a minimal level. Should surgical damage cause excessive inflammation, the sciatic nerve may degenerate. To avoid this, one must conduct surgery with extreme care, so as to not damage the blood vessels around the nerve. Mechanical stress to the nerve during the surgery can also be a cause of nerve damage. To minimize mechanical stress, lifting the exposed nerve should be done as gently as possible, and the tweezer-type electrode should be placed close to the nerve without contact. Furthermore, electrical pulses that are too strong can cause undesirable large leg movement, which leads to mechanical stress, or can burn the nerve. If significant damages are observed in the nerves, we recommend reducing the electrical pulse intensities or placing the electrode further away from the nerve.
In our present protocol, CAG promoter-driven plasmids were used as expression vectors. CAG promoter-driven plasmids allow high levels of gene expression in myelinating SCs in vivo. We also have tried a CMV promoter, another widely used universal promoter for mammalian gene expression, but expression of the gene product was very weak. This is consistent with previous results, in which electroporationmediated transfection was conducted in the embryonic brain 20 . Therefore, we recommend using CAG promoter-driven plasmids for the in vivo electroporation method.
Because axonal signaling is a key factor in myelination/demyelination 21 , gene modification in neurons is also important. However, delivery of transgenes using our in vivo electroporation method is limited to SCs. It has been reported that gene delivery into sciatic nerve axons can be achieved when in vivo electroporation is applied to dorsal root ganglion (DRG) neurons in adult rats 22 . This suggests that delivery of plasmid DNA to the cell body is likely to be critical for in vivo transfection of peripheral axons. Thus, to examine the involvement of axonal molecules in myelination/demyelination, researchers should use neuron-specific genetic methods such as genetically modified animals, neuron-specific viral vectors, or in vivo electroporation to DRG neurons.
Compared with current methods, such as the generation of genetically modified animal lines 23 and delivery of transgenes by viral vectors [4] [5] [6] , gene modification of SCs by in vivo electroporation is simpler. This method only requires several days for plasmid DNA construction and one day for electroporation surgery. Plasmid DNA construction does not require a biohazard room that is usually essential for viral vector handling. In addition, one of the advantages of the electroporation method is the capacity for simultaneous expression of multiple gene products using a simple protocol. Our novel technique will be useful for analyzing the interaction of a variety of signaling molecules involved in myelination and demyelination. In particular, by permitting the cotransfection of a number of different intracellular fluorescent probes, our method should be a powerful tool for investigating intracellular signaling dynamics in SCs using live imaging experiments.
